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Heterojunction Bipolar Transistor:
The Invention

William Sheckley, US Patent 2,569,347
application June 26, 1948

What Is claimed:

i. A solid conductive device for controlling electrical’ energy: that
COMPriSes al body: of semiconductor material having tWe zones
off one conductivity: type, said two Zones beingl contigueus with
Opposite fiaces of said zoene off epposite; conductivity: type, and
means for' making electricall connection: toreach Zone.

2 A device as set fiorth infclaim 1 in WRICh 6ne of the separated
ZONEs| s of a
than that off the materiallin the Gther Zones.
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Heterojunction: Bipolar Tramnsistor:
The Implementation

“The, present everwhelming deminance ofi
the compound semiconductor device field
Py FETFS IS likely: to; come toeran end, with
Pipolar devices assuming an at least equal
iele, andlvery likely arleading one. ™

Herbert Kroemer, Proc. IEEE, voli 70)
January: 1982
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Kroemer's, Key: Aspects off HBT

Central Design Principle: “control the forces on electrons
and holes, separate and Independent from each other”
Wide Bandgap Emitter (claimed in W. Shoeckley’s' patent)
> Reduce hole back injection
> Increase electron energy.

IHigh baserdopingland grading (lew! Ry, and )

Wide Bandgap: Collector:
> Increased breakdown
> Reduced hole injection

“Moderin Epitaxy~ made device) structures possible

ldentified parasitic reduction: as' essential to; eptimize
PErfermMance
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Epitaxial Layer Engineering
Enabled by MBE and MOCVD
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Do Mixed Signal Cireuit Drivers
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Progression in RE Array.
Architecture and Components
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DoD: Unigque Mixed Signal Circuit
Needs

High center freguency.

large bandwidth

LLarge SNR

Large; spurfiree dynamic iande
LLOW! POWEF;
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DAC Architecture and Technology
Cha I Ienges Static Accuracy limited:

Large Scale Integration

Delay limited: high F; and matching

/ \ g a Una
: < ry
e = cur_reEt Current
/- Thermometer > om L Switc source
Data AL
: » Input — M| encoder latch
input buffer latch , cur_rent . Unary
/ . L | | switch Current
[ ! source
\— F -/ i R2R
_ section
Clock input. Clock driver -

Jitter Critical: High F, and

Dynamic accuracy and dynamic range

low noise limited:

Large breakdown voltage, low noise,
high linearity
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Circuit Dynamic Range

Dynamic Range L
Limitation Contributing Factors

- Full Scale Signal Range Device Breakdown Voltage
VEs) (VFs < BVceo - Vbe ),
Power Budget

Signal to Noise and Distortion ( SINAD)

|

Non-Harmonic Spurs Digital-Analog Crosstalk, Power-Ground
Noise, Circuit Element Matching,
1/ O Switching Noise, INL/DNL, etc.

Tone Harmonic and Device Nonlinearities, Device Breakdown
Intermodulation Spurs Voltage, Circuit Element Matching,
INL / DNL, etc.

Additive Circuit Noise Circuit Element Thermal Noise, Shot Noise,
Front End Input Noise,
Power Supply Noise, etc.
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VRms = 2nfot Aperture Uncertainty Clock Phase Noise, Clock Buffer Additive
( Jitter) Noise, Device 1/f Noise, Latch Regeneration
Time, Layout Skew, etc.

Quantization Noise Full Scale Signal Range, Number of Bits

Thermal Noise Floor Temperature
(-174 dBm/Hz @ 293 K)

Vgs = Full Scale Signal Voltage BVceo = Collector-Emitter Breakdown Voltage %
N = Number of Bits Vbe = Base-Emitter Voltage

oy = Standard Deviation of Time Uncertainty Vrms = Root Mean Square Noise Voltage
INL = Integral Nonlinearity DNL = Differential Nonlinearity

f = Tone Frequency
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Performance Metrics

Digital Analog Mixed Signal
Gate delay. Cut ofif SNR
MIPS freguency Bandwidth
Clock speed = Noise figure Sampling
DG power Output power freguency:
LLIREaFILY, DYyRamic range

DE power/PAE D€ power

No one device level metric is enough.

The only critical metric is circuit performance.
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InP' HBT Process: Limitations to
Integration and' Scaling

Subtractive precessing| withi wet etching
Metall lifit-offf processing

Limited interconnect: metallization
Current drive

liransistor density.
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DC Power
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Power Limitations
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Power Limits to' Integration

Conservative Assumptions

> LLimit: chip power dissipation to: 100 \W/cm?
(current Pentium processor)

> Logic swing = 8k = 200 mV.
> ECL (imax speed) ~30 mWW. per MSEFE
> CML (reduced pewer) ~20 m\\ per MSEE

Power Limit to Integration:

~3,000 gates = 30,000 transistors

Distribution A, Approved for Public Release, Distribution Unlimited. (case 43016)
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Clock Distribution Limit

6 mm? Assume clock distribution of A/4
3k xtrs

Exploitation of faster
transistors will also

O . , require:
mm 1. More compact circuit
0 9 GHz clock 2. new circuit architectures
)
Vitesse 43 Gsps
MUX O
10 20 30 40 50 60 70 80 90 100
F /g Clock Speed (GHz)
N~ 16
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Synchroenous Cirecuit Timing

Speed-of-light
limitation 777

Asynchronous
architectures

Q
O GaAs
-
g Synchronous
- Complexity
O
-
Q
ol
1k 10k 1{0]0]4 1M 10M 100M
u ﬁf . Transistor count
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Super-Scaled InP DHBTS

Emitter Metal

Base Metal Emitter

Base
Collector

Sl-substrate

D
8 Schematic of Scalable InP HBT
@©
% 3x higher circuit speed
‘T | Emitter Metal Collector 10x higher integration
()] Base
al 10x lower power
Sub-collector
SI-InP substrate S
Conventional Mesa InP HBT e .
Integration (# transistors)
/&ég?gﬁ'%ee
P
Se=  JF
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Super Scaled InP HBT Technology.

Static flip-flop is building block for mixed signal circuits

DARPA'’s

Flip-flop speed (GHz)

TFAST
0 50 100 150 200 250 300 350 400
e, F (GHz)
/ !
B3
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Mixed Signal Figure of Merit:
i IS net enough

JC VCEO
ch A VLOG] C

InP mesa HBT circuit performance is
limited in J_and C_,
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InP HBT Revolution

Mesa HBT today

Emitter

collector

SI-InP substrate

Base Metal

Collector
Low total base
resistance

bandgap
collector

+ Low capacitance
+ Low base resistance

- Inherent limitation on
minimum feature size

- Poor thermal dissipation

- Limited emitter contact

,/?’@31:5?};&9{ - - T
gﬂ/‘é‘h %2 - Limited current capability
52; ‘ ””; 2 - Process limits integration

ultra-low
resistance
emitter contact

High density
interconnects

Thin intrinsic
p+ base

_ﬂ

\

>100 mm substrate low capacitance

+ Low capacitance

+ Low base resistance

+ Low emitter resistance (High J.)

+ Scalable feature size

+ Small foot print, improved thermal
+ Planar, high integration potential

- Paradigm shift in InP HBT technoloqy

24
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Technical Challenges and Approaches
for' Super-scaled! InP. DHBT

G. Low resistance extrinsic base and A. scalable emitter

base contact: 1. MBE regrown emitter

extrinSic MBE regrown base 2. MOCVD regrown emitter
extrinisic MOCVD regrown base 3. side wall spacers in emitter

implant p+ link region window

B. ultra-low resistance emitter contact:

A 1. graded AllnAs/InAs
4. high T base contacts 2. regrown poly n++ InAs/InGaAs
3. expanded contact region

re-aligned extrinsic base
dielectric spacers

SRRl =

C. thin, p+ base for high f/f
1. C or Be-doped InGaAs
2. C-doped GaAsSb

max

F. Epitaxy Growth Technigue
1. MBE
2. MOCVD

E. Collector/Base band line-up:

1. GaAsSb base
2. chirped superlattice
3. doping dipole

D. Selective doping regions for reduce Cg:
1. ion implantation for isolation

2. lon implantation for selective doping

3

4

. selective regrowth or overgrowth
. replanarized buried dielectrics
H. Interconnects for 100 GHz:
1. Si-like 4-plus level interconnects (Al or Cu) with CMP
2. spin-on dielectrics plus replanarization
3. plated Au
4. thin substrate for backside ground plane

. Design and Test

& w 22
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Implanted Subcollector

m

Implant Iselated Exthnsic Collector

- H
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InGaAs vs GaAsSb base

InGaAs GaAsSb
Base p-doping (C/Be) (cm=>) C: 1-2e20 C: 2e20
Be: 1e20
Base carrier lifetime good good?
BC Heterojunction blocking Requires band | None at: low,
engineering current
Best demonstrated curient density: (kA/cm?2) 650 500
Demonstrated growth techniques MBE MIOCVD
preferred preferred
Hydrogen passivation o1 Carbon Ves NGt reported
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Performance, vs Reliability:
Trade-off;

InP-like

SiGe-like

* * “Hero results”

Reliability Floor

Ft/Fmax

—
F/F. = B * __—

reliable operation

/N

Current density (A/cm?)
-
B 5

=
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HBT Attributes for High
PDynamic Range DACs/ADCS

attribute

SiGe HBT

InP DHBT

Breakdown voltage: BVceo,
BVbco

<2V, 5V

>4\, >8V

Gain at 20 GHz

22 (0.12um x11 um)

>20 dB (0.4um x 11 um MESA)
>35/dB (0.4 um x 6 um TS)

Substrate cross talk moderate low.
Linearity: (Third order good excellent
intercept)

1/f noise; corner freguency. 400 Hz ~ 1 KHz
20/ GHz Noise; Figure 1.4:dB 0.7 dB

Fo T

Inax

(best reported) (GHZ)

350, 170; 270,260 (0.12 um
X 2.5 um)

370}, 280" (035 um x 5um);
300,300 (0:4umix 11um)

Current density at'max 5 2 MA/cm? 0.5 MA/cm?
Ve Matching excellent excellent
I'SHBT
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Testing| Challenges fior
150 GHz flip-flips

Limited seurces at > 100 GHz
Drive power: ati freguency.
Cable and probe losses
Diifierentialiversus single ended
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Euture Applications (?)

ADC and DAC/DDS for military radar,
communications, and electronics warfare

401 Gbps (80/160 Gbps): it will come but when
and with' what reguirements?

Equalization and predisteration: for analed
components (OE and ri/micrewave)

Ideal RE links Via digitaltlinearization
Low! pewer: HPATor mobile electionics
Collision aveidance; radar

Allfweather W=band radar
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Summary.

InP HBI sti// hio/d the potential for differentiating
mixed signal capability.

Aggressive scaling, reduced pewer, and Increase
Integration Is reguired: terachnieve fiullf potential

INever: stand: still, the competitions s alser moving
anead fast!!
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